Context: Obesity, insulin resistance (IR), and diabetes are increasing in youth, especially in girls. IR is associated with muscle mitochondrial dysfunction in youth and adults with diabetes. However, it is unknown whether this relationship is present in youth prior to development of diabetes.
T he physiology of insulin resistance (IR) in adults with type 2 diabetes (T2D) has been widely studied. Though the exact etiology of IR remains incompletely understood, previous studies suggest that altered mitochondrial function has a pivotal role (1, 2) . Excess or ectopic lipids, including serum free fatty acids (FFAs), intramyocellular lipids (IMCLs), intrahepatic triglycerides (TGs), and lipid subspecies such as diacyglycerol, may relate to IR and are elevated in adults with T2D (3, 4) . This relationship could be explained by a decrease in FFA oxidation by mitochondria, leading to increased IMCL and diacylglycerol, which could impair insulin signaling (5) . In the nondiabetic but insulin-resistant adult offspring of patients with T2D, IR in skeletal muscle was closely associated with the dysregulation of IMCL metabolism, suggesting a possible inherited defect in mitochondrial oxidative phosphorylation as the underlying mechanism (1) . Increased fat accumulation in muscle and liver tissue was also reported in the elderly, who in parallel also have significantly more IR than younger control adults (6) . IR is also associated with mitochondrial changes after burn trauma, providing further support for the hypothesis that IR is associated with altered mitochondrial function across a wide variety of IR-inducing disease states (7) .
The prevalence of T2D among adolescents has increased dramatically, carrying high rates of morbidity and early mortality (8) . Youth with T2D are typically overweight or obese, and the increased prevalence of T2D is thought to be related to increases in pediatric obesity. IR is commonly present in obese adolescents prior to the onset of T2D and thus is likely the initiating step in the development of T2D (4, 5, 9) . As in adults, we and others have documented increased IMCLs in youth with T2D and an association between aspects of IR and mitochondrial function in youth with T2D and type 1 diabetes (T1D) (8, (10) (11) (12) . However, it is not known whether mitochondrial dysfunction precedes IR in youth, occurs secondary to IR, or occurs secondary to other components characteristic of diabetes, such as hyperglycemia. Furthermore, in T1D youth, the IR and muscle mitochondrial dysfunction occur despite low IMCLs, evidence that IR and mitochondrial dysfunction are not always IMCL mediated (11) . Therefore, to better understand the progression to T2D in youth, it is important to first understand the relationship between IR and muscle mitochondrial function in youth without diabetes.
Other factors beyond obesity also influence insulin sensitivity in youth. IR develops during puberty, particularly in females. IR reaches a peak at Tanner stages 3 and 4 and then slowly resolves upon maturation (13) . Differences in IR between males and females have also been noted to develop by midpuberty (13, 14) , and most studies report higher prevalence rates of IR in girls (15, 16) . However, studies relating mitochondrial function to this rise in IR during puberty are lacking. Another factor influencing insulin sensitivity in youth is physical activity, and there is evidence that physical activity could effectively ameliorate IR (17, 18) . Physical activity levels will thus play a role in mediating various degrees of IR in adolescents.
Few studies have evaluated in vivo muscle mitochondrial function in relatively healthy youth. In a study of 22 nondiabetic, obese adolescent girls, mitochondrial function was related to IR, but this relationship was not mediated by IMCLs, subcutaneous adipose tissue, or visceral adipose tissue (19) . Fleischman et al. found that in a cohort of 70 normal-weight and overweight children between the age of eight and 19 years, the more insulin-resistant children had a more prolonged phosphocreatine (PCr) recovery time constant, which is indicative of slower oxidative metabolism (20) . These two relatively small studies assessing IR and mitochondrial function in adolescents suggest that changes in mitochondrial function may play a role in altering insulin sensitivity.
We have previously examined the relationship between insulin sensitivity as assessed by a hyperinsulinemiceuglycemic clamp and in vivo mitochondrial function in a diet-and exercise-controlled, nonphysiologic setting (9, 10, 12) . However, the role of mitochondrial dysfunction in early puberty and sex-associated insulin sensitivity in youth with disease is unknown. Our goal was to determine the association between in vivo muscle mitochondrial function and estimated IR across a larger cohort of youth without diabetes, in a setting reflective of their day-to-day life. Additionally, we explored potential sex differences in IR and mitochondrial function and the impact of pubertal stage, body mass index (BMI), and physical activity.
Methods

Participants
Two hundred seventy-five participants were recruited from three cohorts of youth: (1) the Exploring Perinatal Outcomes among Children (EPOCH) study, a longitudinal study of the impact of maternal gestational diabetes on long-term health outcomes, with youth originally identified at ages six to 13 years from a community sample using a Kaiser database of youth with varied BMI and physical activity level, of whom 16% were exposed to gestational diabetes mellitus; (2) the Resistance to InSulin in Type 1 And Type 2 diabetes (RESISTANT) study; and (3) the Androgens and Insulin Resistance Study (AIRS), the latter two being cross-sectional cohorts that included nondiabetic sedentary youth of varied BMI, recruited from the local community and general pediatrics and obesity clinics at Children's Hospital Colorado (21) . All youth were between 12 and 19 years of age. Participants with diabetes or acute illness on day of study were excluded from the study. Tanner stage of the participant was determined by a pediatric endocrinologist in RESISTANT and AIRS cohorts and self-assessed in EPOCH. All studies were approved by the University of Colorado Anschutz Medical Campus Institutional Review Board and the Children's Hospital of Colorado Scientific Advisory Review Committee. Parental informed consent and participant assent were obtained from all participants less than 18 years old, and participant consent was obtained from those aged 18 years and above.
Overall study design
All measures were a priori standardized across all three cohorts. A two-hour oral glucose tolerance test (OGTT; 1.75 g/kg up to a maximum of 75 g) was performed with blood sampling for fasting glucose, glycemic markers, FFAs, and insulin and then insulin and glucose at 30 and 120 minutes. A three-day pediatric activity recall questionnaire of physical activity levels for the three previous days was completed with study staff assistance to yield a single activity score (8, 22) . Magnetic resonance imaging (MRI) imaging of the leg was performed for maximal cross sectional area and in-MRI exercise testing with 31 phosphorus magnetic resonance spectroscopy ( 31 P-MRS) to assess mitochondrial function.
Laboratory measures
Insulin was analyzed with radioimmunoassay (Millipore, Billerica, MA), and FFA (Wako Chemincals, Inc., Richmond, VA) were determined enzymatically. Measurements of total cholesterol, high-density lipoprotein (HDL) cholesterol, and TGs were performed enzymatically (Hitachi 917; Boehringer Mannheim Diagnostics, Indianapolis, IN). Low-density lipoprotein cholesterol was calculated by the Friedewald equation (23) .
Magnetic resonance imaging and spectroscopy
Imaging acquisition
Imaging and spectroscopy were performed on a General Electric 3 Tesla magnet with HDx MRI (General Electric, Milwaukee, WI) running version 15M4 software equipped with the General Electric multinuclear hardware spectroscopy accessory and research software as well as a custom 1 H/ 31 P leg coil (Clinical MR Solutions, Brookfield, WI) (24) . Cross-sectional area of the calf was measured as previously described (24) . 
P-MRS exercise protocol
Strength testing was done on a custom-built, MR-compatible plantar flexion device with force measurement capability to determine maximal volitional contraction (MVC). The 31 P-MRS exercise protocol consisted of measurements during rest for 90 seconds, isometric plantar flexion exercise for 90 seconds at 70% MVC, and then seven minutes of rest (25) . Force was recorded as previously described (5, 26) .
Spectroscopy analysis
Time domain fitting was performed by jMRUi (27, 28) utilizing prior knowledge files (29) to determine peak positions and areas of interest (PCr, inorganic free phosphate, b-adenosine triphosphate [ATP; three peaks], a-ATP [two peaks], g-ATP [two peaks], and phosphomonoester). The fully relaxed spectra were used to correct exercise spectra for saturation. The jMRUi data were used to calculate metabolic variables as previously described (30) . Calculations included the rates of oxidative phosphorylation (OxPhos) following exercise, creatine kinase reaction, initial PCr synthesis, anaerobic glycolysis, and QMAX, the apparent mitochondrial capacity, i.e., maximal oxidative ATP production rate, as previously reported (10, 24) . Regression analyses were used to calculate adenosine 5 0 -diphosphate (ADP), PCr, and inorganic free phosphate time constants (Sigmaplot; Systat Software, Inc, San Jose, CA).
Calculations and statistics
The homeostasis model for insulin resistance (HOMA-IR) was calculated as: (fasting glucose 3 fasting insulin)/405. Matsuda index was calculated as 10,000/[square root (fasting glucose 3 fasting insulin 3 mean glucose 3 mean insulin)].
The distribution of all variables was examined, and results were presented as mean 6 standard deviation of the mean or median (25%, 75%) as appropriate. Group comparisons were made using Fisher's exact test, t test, or Kruskal-Wallis for continuous variables. The associations between HOMA-IR, Matsuda index, and TG:HDL ratio based on OGTT values and the two primary outcomes from the 70% exercise were examined (ADP time constant and OxPhos) using multiple regression. The group was then stratified by sex to further compare IR and mitochondrial function between males and females using linear models with and without adjustment for potential confounders [BMI z-score (BMI-Z), Tanner stage, and physical activity level score]. P values , 0.05 were considered statistically significant. Statistical analyses were performed with SigmaStat Software version 11.2 (Systat Software, Inc, San Jose, CA) and SAS Software version 9.4 (SAS Institute, Inc., Cary, NC).
Results
Participant characteristics
A total of 275 participants across the three cohorts were included in this analysis: 119 males and 156 females (213 EPOCH, 37 AIRS, and 24 RESISTANT). Unadjusted descriptive statistics by sex are shown in Table 1 . When stratified by sex, males and females were of similar age, although females had a higher BMI-Z (P = 0.01) and a higher percentage of participants in Tanner 5 stage (78.9% vs 74.7%). Females also had significantly lower habitual levels of physical activity than males ( Table 1 ; P = 0.012) as assessed by the mean total metabolic equivalents. The sex differences in activity level remained significant even after adjusting for BMI-Z and Tanner stage (P = 0.001).
IR data
There was no significant difference in waist circumference between the male and female participants before or after adjusting for BMI-Z, Tanner stage, and physical activity. There were significant differences in OGTT measures between males and females before adjustments. Males had significantly higher fasting glucose concentrations (Table 1 ; P , 0.001), but their 2-hour glucose (P , 0.001), fasting insulin (P = 0.004), and 2-hour insulin concentrations (P , 0.001) were significantly lower than female participants. Females were more insulin resistant, as assessed by significantly higher HOMA-IR (P = 0.042), TG:HDL ratio (P = 0.049), and fasting FFAs (P = 0.002) and lower Matsuda index (P , 0.001) than males, before adjusting for BMI-Z, age, and physical activity. After adjusting for BMI-Z and Tanner stage, only differences in Matsuda index and FFAs between sexes remained significant (P = 0.004). When adjusting additionally for physical activity, all differences in IR measures became insignificant except for FFAs (P = 0.015).
P-MRS data
Group means by sex of calculated data from 31 P-MRS for 70% exercise, adjusted for BMI-Z, Tanner stage, and physical activity are shown in Fig. 1 . The rate of OxPhos did not differ between males and females either before (P = 0.128) or after adjustment [ Fig. 1(a) ; P = 0.315], nor did the ADP time constant before (P = 0.299) or after adjusting for BMI-Z, Tanner stage, and physical activity [ Fig. 1(b) ; P = 0.087]. PCr time constant also did not significantly differ between sexes before (P = 0.258) or after adjusting for BMI-Z, Tanner stage, and physical activity [ Fig. 1(c) ; P = 0.160].
Correlations
In the entire cohort, there were no significant associations between mitochondrial function and IR measures either in unadjusted analyses or in analyses adjusted for BMI-Z, Tanner stage, and physical activity ( Fig. 2; Table 2 ). After stratifying by sex, in unadjusted and adjusted analyses, mitochondrial function and IR measures were not related in females. However, the unadjusted analyses indicated that in males, OxPhos was associated with HOMA-IR (P = 0.042, b = 0.009) and TG:HDL ratio (P = 0.004, b = 0.021). When adjusting only for BMI-Z and Tanner stage, OxPhos was still associated with HOMA-IR (P = 0.042, b = 0.009) and TG:HDL (P = 0.003, b = 0.023) in males. In models adjusted for BMI-Z, Tanner stage, and physical activity, only the TG:HDL ratio correlated with the PCr time constant (Table 2 ; P = 0.044, b = 2.276).
Discussion
We examined the relationship between IR and mitochondrial function as well as the sex differences in these variables in healthy adolescents without diabetes and with varied BMI and physical activity levels. We found that overall, muscle mitochondrial function did not relate We have previously shown that in youth with T1D, T2D, or polycystic ovarian syndrome (PCOS), diseases with significant IR, magnetic resonance spectroscopy-assessed mitochondrial dysfunction was present, and hyperinsulinemic euglycemic clamp measures of IR did correlate with measures of mitochondrial function. In PCOS, we found that IR was related to postexercise oxidative phosphorylation (9) and that IR in youth with T1D was similarly related to ADP time constant and oxidative phosphorylation (10) . We documented that IR in youth with T2D is profound, as compared with BMI-similar youth without diabetes and normal-weight controls (8, 12) . In this cohort, we found that mitochondrial function was impaired in the youth, with T2D relative to normal-weight controls, and that IMCLs were higher. However, clamp assessed IR related to the ADP time constant and FFA concentrations during hyperinsulinemia, but had no relation to IMCLs (12) .
The published results of mitochondrial studies from small cohorts of youth without diabetes or metabolic diseases are mixed, likely due to methodologic variation and failure to control for physical activity. Fleischman et al. measured muscle mitochondrial function following 30% MVC aerobic exercise perturbation in the vastus lateralis, which is a mixed fiber-type muscle, not predominantly an oxidative fiber type like the soleus, and this can influence results (20) . Similar to our findings, they found that postexercise PCr recovery in 74 youth without diabetes did not differ between normal-weight and obese youth. They did find that PCr recovery was associated with HOMA-IR when dividing the cohort into HOMA-IR quartiles, but the multivariate analysis was not adjusted for physical activity status (20) . In a mixed BMI cohort of 48 youth, PCr recovery following a short bout of aerobic exercise was not associated with HOMA-IR, although it was associated with BMI z-score (31). Again, physical activity was not factored into those analyses, although the authors collected historical and quantitative (bicycle exercise testing) exercise data. Finally, in 19 obese adolescent girls, HOMA-IR was associated with PCr recovery time in the calf following 30% MVC contraction, but not with IMCLs, subcutaneous adipose tissue, or visceral adipose tissue (19) . Again, data on physical activity was not presented in this study, and these girls are all .95th percentile for BMI and much more similar to our at-risk PCOS and T2D youth, where we did find changes in mitochondrial function.
In contrast to previous studies from smaller cohorts mentioned earlier, we found in a larger cohort that in youth without diabetes, IR was not related to postexercise muscle mitochondrial function. There are many factors that can contribute to alterations in postexercise mitochondrial function and IR, such as activity/exercise level, diet, and sex hormones (32, 33) . Our overall results are likely different from those previously discussed from other groups as we controlled our analyses for physical activity and had a more heterogeneous study population. The failure to correct for physical activity by other investigators is important, especially in light of our results in boys, which were significant in multiple measures until we accounted for activity. Further, in our PCOS and diabetes studies, where a relationship between IR and mitochondrial function was observed, subjects had a controlled diet for three days preceding metabolic measurements, were inactive for three days prior to the study, and overall were sedentary, performing less than three hours of activity a week. In the current study, we did not control participants' diet or activity level, as we sought to study everyday conditions. Rather, we used a questionnaire to assess participants' daily activity level to control for activity. Although a questionnaire is not as good as objective activity data such as an accelerometer, it typically is systematically biased in the direction of overestimation of activity and thus still provides reasonable data for large cohorts of this size. This allowed us to provide a realistic representation of many type of adolescents who have various exercise levels and dietary habits.
Measuring IR can be challenging, and many different methods can be used. Whereas the hyperinsulinemic euglycemic clamp is the gold standard to assess insulin sensitivity and we have used this in youth with disease, it is expensive and time consuming and has an increased subject risk that is often considered unethical in healthy youth. We thus assessed IR using three clinical indicators to maximize the opportunity to relate IR to mitochondrial measures: HOMA-IR reflecting a fasting condition, Matsuda index reflecting an oral glucose challenge, and TG:HDL ratio reflecting IR over time. None of these measures of IR were associated with mitochondrial function in our overall cohort or in girls. Whereas an OGTT was performed in all of the other three published cohorts of youth from other investigators, data describing the relationship with mitochondria and IR indicators other than HOMA-IR were also not presented. Both TG and HDL concentrations are effected by sex steroids, and thus of the three IR measures, the TG:HDL ratio is most likely to be altered (34) . Further, testosterone improves muscle function, perhaps through increased mitochondrial function (34, 35) . This influence on both measurements may contribute to the association between TG: HDL and PCr time constant we saw in just the boys. Future studies assessing sex steroid levels are needed to test this hypothesis. Several studies have previously demonstrated that adolescent females are more insulin resistant than males, especially in later puberty (13, 14) . Our findings of a worse Matsuda index, HOMA-IR, TG:HDL ratio, and fasting FFAs are consistent with these studies. Moran et al. found that in nonobese adolescents, the sex differences in IR were explained by differences in adiposity as measured by skinfold thickness (14) . Similarly, we found that sex differences in IR were explained by BMI and physical activity level. Adolescent females engage less in physical activity than boys and become more sedentary throughout adolescence (36, 37) . In a longitudinal study evaluating the physical activity level of 405 adolescents over a period of two years, both sexes showed a decline in physical activity, but the unfavorable changes in sedentary behavior were more severe in females (36) . Our cross-sectional physical activity measures support these studies, as the females in our cohort were significantly less physically active than similarly aged males. Finally, sex differences are not uniformly found in well-matched adult cohorts, nor do they reveal that females have better insulin sensitivity, indicating that changes in IR may not be sex hormone driven (38) . Thus, the mild IR seen in females was likely caused by decreased physical activity, as well as by their higher BMI, rather than by sex-induced differences in mitochondrial function per se.
Our study has several strengths and weaknesses. We have a large cohort, with subjects from three separate studies with identical measures pooled for analysis. This large cohort allows for a diverse sample, with varied BMI, pubertal stage, activity level, and diet. However, this is also a weakness of the study, as early subtle changes in mitochondrial function may be undetectable with this type of variability. We also did not use the gold standard assessment of insulin sensitivity due to the large sample size, although we did use three surrogate measures of IR, representing three different physiologic settings. Our male cohort was earlier in Tanner stage than our female group; however, the IR of puberty peaks at Tanner 3, and thus this difference of pubertal stage between the sexes would be expected to influence lower insulin sensitivity in the boys, not the girls. Finally, unlike our diabetes and PCOS studies, due to the larger sample size, we were unable to provide a controlled diet or objectively measure physical activity level. Instead, we used a self-reported questionnaire to assess participants' daily activity level, which is well validated in youth. However, by not artificially controlling the diet or activity, the results reflect the participants' day-to-day metabolism.
Conclusion
In a large and diverse cohort of adolescents without diabetes, postexercise muscle mitochondrial function did not relate to IR, before or after adjusting for potential confounders such as BMI, Tanner stage, and physical activity level. The development of early, mild IR in youth without diabetes is not related to muscle mitochondrial dysfunction, a finding that differs from that in adults with IR and from youth with more severe IR. The lack of association between IR and mitochondrial function observed in relatively healthy youth support the hypothesis that initial mechanisms of IR in youth are distinct from those in adults. Understanding the factors contributing to the development of IR in youth has implications for future studies of diabetes prevention in the pediatric population. In addition, we found that differences in IR in girls relate to BMI and physical activity, arguing for interventions aimed at increasing physical activity in adolescent females.
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